Abscisic acid (ABA) uptake by Amaranthus tricolor cell suspensions was found to include both a nonsaturable component and a saturable part with Km of 3.74 ± 0.43 micromolar and an apparent V., of 1.5 ± 0.12 nanomoles per gram per minute.
Transmembrane transport is fundamental to the intercellular transport and the distribution of hormones between intracellular compartments. From the many studies of auxin transport using tissues, cells or vesicle preparations, the available evidence suggests a model that includes permeation of the neutral lipophilic form of the weak acid (IAAH) through the lipid bilayer, a saturable symport of the auxin anion (IAA-) with protons and a passive efflux ofanion via a specific saturable anion channel. Some studies suggest that a saturable binding component may contribute to the total uptake by vesicle system (7) . For the other weakly acidic hormones (ABA, GAs) simple diffusion of their hydrophobic neutral species and saturable high affinity uptake carriers have also been described but they have received considerably less attention (1) (2) (3) (4) 20 for ABA; 9, 22, 23 for GAs).
As far as ABA is concerned, diffusion of the undissociated species was first demonstrated for chloroplasts by Heilmann et al. (12) and later for mesophyll cells by Kaiser and Hartung (13) . In addition to the diffusive path, Astle and Rubery (1, 2) have demonstrated the existence ofcarrier-mediated uptake restricted to the apical regions of roots of runner bean seedlings and in suspension-cultured Phaseolus coccineus L. cells (3) . Data of Daie and Wyse (8) did not substantiate carriermediated uptake but indicated the presence of an energy requiring component in source and sink tissue of sugar beet. Both a diffusive and an energy-dependent component were also involved in translocation of maternal ABA to the developing embryo in French bean (17) . The purpose of this study was to investigate the ABA transport characteristics in suspension-cultured Amaranthus tricolor L. cells.
MATERIALS AND METHODS

Radiochemicals and Chemicals
Radiochemicals were obtained from the Radiochemical Centre, Amersham, (U.K.). A racemic sample of(RS)-[2-'4C] ABA (204 GBq. mol-', 99% radiochemical purity) was stored in darkness as an ethanolic solution at 2'C (a complete list of abbreviations used in this paper can be found in Table I ). For experimental use, labeled ABA was diluted in Na phosphate/ citrate buffer (pH 5.0) supplemented with 2% (w/v) sucrose. Nonradioactive (RS)-ABA, 2,4-D, IAA, kinetin, and gibberellic acid were purchased from Sigma. Some compounds were generous gifts from different laboratories: (S)-ABA and (R)-ABA, the natural and unnatural enantiomer (26) 
Measurement of Intracellular pH with Chemical Probes
The technique is based on the preferential diffusion through the membranes ofthe undissociated molecules of radiolabeled probes ( 16) .
The "overall intracellular pH" (14) was measured using the lipophilic weak acid, benzoic acid, as a probe. Two milliliters of stock cell suspension (100 mg of cells) were incubated with 1 mL of Na phosphate (0.2 M)/citrate (0.1 M) buffer (pH 5.0) with 2% sucrose (w/v) and 36 KBq of [carboxyl-'4C]benzoic acid (2.1 GBq.mmol-', 98.5% radiochemical purity, Amersham, England). Metabolism of ['4C]benzoic acid was determined after chromatography of an aliquot of the extracts on silicagel plates developed in isopropanol-ammonia-water (8/ 1/1, v/v); it was negligible after 5 or 10 min incubation and did not exceed 13% of total benzoic acid absorbed after a 3-h incubation.
Vacuolar pH was measured in the same way using 49 KBq of the weak base [7- '4C]benzylamine (2.15 GBq-mmol-', 99% radiochemical purity, Amersham, England) as a probe (15) . Metabolism of ['4C]benzylamine was determined after chromatography ofan aliquot ofthe extracts on silicagel plates developed in ethyl acetate-water-acetic acid (60/60/20, v/v); no degradation product was observed even after a 5-h incubation.
These probes dissociated outside and inside the cell according to the pH of the compartments. The intracellular and extracellular total concentrations of the probe were measured at the equilibrium. The corresponding accumulation ratio was a simple function of the extracellular pH, intracellular pH, and pKa of the probe, as shown first by Waddel and Butler (25) .
The cytoplasmic pH value is derived from the pHi, taking into account the pH, and the relative volume ofthe cytoplasm (14) . In spite of its limitations (16) , this method gave a good estimation of the mean value of pH, of a population and of its variations due to chemical treatments.
Replication
All experiments were performed at least three times. For more replicates, statistical data are given.
RESULTS
Intracellular pH of Amaranthus Cells and Its Variations
In the 5-d-old suspensions used for all the experiments, cells were in the middle of the exponential phase; they were therefore small, actively dividing and often grouped in small aggregates (diameter less than 0.3 mm).
Free space volume, determined by equilibrating cells with radioactive ['4C]mannitol gave an estimate of about 20% at diffusion equilibrium. The uptake of the weak lipophilic acid probe, benzoic acid, was rapid and the equilibrium was reached within 10 min; its accumulation expressed as the ratio The uptake of benzylamine was slower and the equilibrium was reached only after 1 h. Vacuolar pH could be thus estimated to be 5.18 ± 0.02 (10 replicates).
Cytoplasmic pH could be calculated from these two components and was estimated to be 7.09 ± 0.02 in these control cells.
The effects of various metabolic inhibitors on the different components of the cell pH were also studied (Table II) ,M), the diffusible component alone was detectable (Fig. lb) ; the saturable component (Fig. 1c) (Table IV) To determine if the uptake required metabolic energy, we have also used inhibitors of mitochondria function (oligomycin, KCN) and CCCP, a molecule known to be capable of affecting the pH gradient. The proton ionophore CCCP, added at 10 ,uM without preincubation, markedly inhibited total [2-'4C]ABA uptake which was reduced by 38 to 45% after 5 min incubation and even 65% after 20 min incubation.
If it was applied with a 20 min preincubation (Table VI) , the diffusive component was only reduced by 11% while the carrier-mediated component was almost totally inhibited (93%). KCN (1 mM) was not very effective if added without preincubation. After 1 h preincubation, it inhibited more than 90% of the total uptake; specific uptake was then totally inhibited. Oligomycin (10 Mm), applied with a 20 min preincubation was strongly effective; total uptake was lowered to about 20%, the specific component was totally inhibited (97%); the diffusive component was affected to a lesser extent and was only reduced by 38%.
Carrier Specificity
To characterize the specificity of the transport process, and thus presumably ofthe carrier site itself, the ability ofdifferent chemicals to interact with the carrier was investigated.
The stereospecificity was tested by adding a range of concentrations of nonradioactive (S)-ABA (Fig. 5) or (R)-ABA enantiomer (Fig. 6) (20) and in P. coccineus cells (4) was not found in Amaranthus cells; naturally occuring (S)-ABA and its (R) enantiomer inhibited (RS)-[2-'4C]ABA uptake to the same maximal extent and with the same Km. However, such observations do not necessarily furnish a definitive proof that (R)-ABA is an alternative substrate for the carrier but only that it interacts with the carrier. The ABA analog LAB 173711 (24) also inhibits carrier-mediated ABA uptake.
Concerning possible driving forces, carrier-mediated ABA uptake increased as the external pH was lowered to pH 4.0, so it may partially be energized by ApH. The energy required to transport ABA into cells can be furnished by an artificially imposed pH gradient across the membrane; in our usual experimental conditions the imposed pH gradient between the cytoplasmic pH 7.09 and the pH of incubation medium (5.0) was 2.09. When the proton ionophore CCCP was added, the lowering of this ApH (to 1.44) decreased uptake. This energy for ABA movement could also be provided in these intact cells by a metabolically maintained pH gradient; lowering ofthe incubation temperature or adding some metabolic inhibitors which altered the mitochondrial function also resulted in a decrease of uptake, concomitant with a lowering of the ApH.
However, it appeared (Table VI) that the saturable component was more sensitive than the diffusive component to the various metabolic inhibitors. Such differences have already been reported by other authors: in sugar beet leaves and roots, the partial inhibition observed with metabolic inhibitors suggested to Daie and Wyse (8) that the ABA uptake was a combination of both energy-dependent and passive transport and they routinely used CCCP to separate energy-dependent and passive uptake; Martin and Pilet (19) (13) showed that in mesophyll cells of Papaver, the inhibition of the passive component of ABA by CCCP increased with time.
Furthermore, it must not be forgotten that cell suspensions represent a multicompartmented system; each compartment is differentially affected by chemical treatments. Our results showed that only CCCP affected both the cytoplasmic pH and the vacuolar pH. With vacuolar preparations of Catharanthus roseus, Guern et al. (11) showed by a 3'P-NMR technique that pyrophosphate-induced vacuolar acidification was reversed by the addition of CCCP. In our experimental system, an increase of pHv (from 5.18-5.65) could also be observed after 20 min preincubation with CCCP; a nonnegligible increase of the accumulation capacity in the vacuole could thus be induced since the percentage of dissociated molecule increased from 73 to 89%. Studies with membrane vesicles or with vacuole preparations are now necessary to manipulate the hormone transport more easily.
